In this study, biogas production from the organic fraction of the MSW (OMSW) was simulated in six different scenarios, using Aspen plus ® based on industrial data. The economic evaluations were made using the Aspen process economic analyzer, considering the plant size and the upgrading methods. The base case had an annual processing capacity of 55,000 m 3 OMSW. The capital costs and the net present value (NPV) after 20 years of operation were 34.6 and 27.2 million USD, respectively. The base case was compared to the modified scenarios, which had different upgrading methods, processing capacities, addition of biogas from wastewater sludge treatment, and variation of the substrate (OMSW) between ±200 USD/ton. The sensitivity analyses were carried out considering the cost of the OMSW imposed on citizens for collection and transportation of wastes and the different sizes of the plant. The result suggests that producing biogas and selling it, as a vehicle fuel from OMSW is a profitable venture in most scenarios. However, there are some uncertainties, including the collection and transportation costs, landfilling fee, and process operation at lower capacities, which affect its profitability.
Introduction
The annual generation of municipal solid waste (MSW) has attained more than 2.5 billion tons per year. [1] More than 50% of the MSW ends up in dumping areas or landfills, creating three major problems: (a) loss of fertile or arable land, (b) health hazard, and (c) loss of energy and materials from the waste. Approximately 50% of the MSW is composed of organics in the world, which can be converted into value-added products such as biogas or composts. [2] While the aerobic biodegradation in composting results only in CO 2 and fertilizer, biogas from anaerobic digestion contains about 50-70% methane and the rest is practically CO 2 . Energy-rich methane (~ 37 MJ/m 3 ) can be used for different purposes including heat, electricity, and vehicle-and cooking fuels. [3] It can be calculated that the MSW with an average 33% total solids (TS) content can result in 321 billion m 3 pure methane from the global MSW production, based on the average biogas yield of 618 m 3 /tonTS. The 321 billion m 3 methane is equivalent to 3, 104 TWh/year energy (1 m 3 methane equivalent to 9.67 KWh), [4] which is equivalent to 2% of the global energy consumption per year.
Several million bio-digesters for households are available in the world, while industrial biogas plants for commercial applications such as electricity and fuel are relatively few. [5, 6] According to International Energy Agency, about 970 plants are in operation for municipal solid waste and industrial waste together in Europe. [7] Very few plants produce methane for vehicle fuel as compressed biogas (CBG); on the contrary, most of the plants produce power or combined heat and power (CHP) from biogas. [8] Biogas from the organic fractions of MSW is not only attractive in terms of energy, but also economically sound. The capital costs of the biogas plants treating 100,000 tons MSW/year was 20 million USD in 2003. [9] Upgrading the produced biogas to vehicle fuel requires about 13% of the total investment costs. [9, 10] Techno-economic models are used as a measure to identify the industrialization potential of a project. Several techno-economic models have been reported for ethanol production; however, for biogas, the literature is mainly based on laboratory data with novel substrates such as citrus wastes, chicken-feather, and its pretreatments. [8, [11] [12] [13] [14] [15] [16] [17] According to our knowledge, no industrial based biogas plants have been considered for techno-economic evaluation of MSW. The techno-economic evaluation considered in this study was based on an industrial biogas plant located in Borås (Sweden) that is fed with sorted organic MSW.
Borås, with a population of more than 100,000 people, produces on average about 22,600 tons of MSW every year. In addition, the MSW from Norway and other nearby Swedish cities such as Gothenburg, and the industrial wastes from companies, slaughterhouses, restaurants, etc., also end up in the waste station in Borås. Approximately, 27% of the MSW is recycled as materials, 30% (organic wastes) is sent for biological treatment for the production of biogas, and the remaining 43% is combusted to produce electricity and district heat for the city. The biogas produced after the biological treatment is used as CBG for vehicle fuel to run buses, garbage trucks, and other gas vehicles. [18, 19] In this study, the techno-economic feasibility of an industrial biogas plant for MSW, located in Borås, Sweden was investigated under six different scenarios. The process was simulated using Aspen Plus ® version 8.0 (AspenTech, Massachusetts, U.S.A.) based on the industrial data obtained from Borås Energy and Environment AB, Sweden. The six different scenarios were simulated using Aspen Plus ® , and process economics were carried out using the Aspen Process Economic Analyzer (V 8.0). Furthermore, sensitivity analysis was carried out for different costs of the MSW, which varied between ±200 USD/ton, number of digesters operating in the plant, and effect of operational loading in the plant. The main objective of this work was to study the uncertainties around the techno-economic feasibility of the biogas production from OMSW, affected by factors mentioned above.
Methods

Process description
The process scheme for the six scenarios is shown in Figure 1 . The six different scenarios considered were based on the current operation of the plant (scenario 1), and scenarios 2 and 3 were considered to facilitate different upgrading methods and the effect of adding biogas from wastewater treatment respectively. The other three scenarios considered were to double the capacity, to check how the size or the number of digester used, and their effects on the process profitability. Scenarios 1-3 have a capacity of 55,000 m 3 MSW/ year, while scenarios 4-6 have a base capacity of 110,000 m 3 MSW/year. In this study, Scenario 1 is the base case, which will be compared to other scenarios. The total solids (TS) content of the MSW fed to the digester was 15%. The preprocessing step for the MSW was common under all scenarios, while the digesters and the biogas upgrading to obtain methane vary for the different scenarios.
[ Figure 1 ] Initially, the MSW is crushed using a hammer mill crusher with the addition of water, to reduce the particle size to less than 5 mm. The TS of the MSW is reduced from 33% to 15% with the addition of water. The crushed materials are transported using a centrifugal pump to two storage tanks, buffer tanks 1 and 2, with a respective volume of 200 m 3 and 650 m 3 , which have a combined retention time of 3 days. Then, the waste slurry is pumped into a 3,000-m 3 anaerobic digester. Scenarios 1-3 have a single digester, whilst scenarios 4-6 have two digesters of the same volume running in parallel. The organic loading rate (OLR) maintained in the digester is 3.3 kg VS /m 3 /day with a hydraulic retention time (HRT) of 19 days. The digesters operate at 55 °C, heated internally.
The digestate from the digester is pumped into a 340-m 3 storage tank with a retention time of 2.2 days. The digestate is further pumped into a big storage tank of 2,000 m 3 , from where it is transported to nearby farmlands. Part of the biogas is produced from the storage tank (I). All the biogas production is connected to a common upgrading system. The upgrading methods used in this study are water scrubbing and absorption through COOAB (carbon dioxide absorption by amine). Water scrubbing is a common upgrading method for biogas, while in the COOAB process MEA is used for the absorption of carbon dioxide and hydrogen sulfide.
The raw biogas flowing out of the digester passes through a centrifugal compressor to increase the pressure to 8 bar, and is then cooled down to 5 °C using a heat exchanger, before it passes through the upgrading column either by water scrubbing or COOAB. [4] The scrubber column operates at 8 bar, where the CO 2 is removed with the water. The recycling ratio in the scrubber for water was maintained at 0.90. Similarly, the absorption column for the COOAB process was operated at 5 bar. The recycling ratio of the MEA in the absorption column was 0.95. Purified methane (~97%) is sent through another separator to remove final impurities. Thereafter, the CBG (compressed biogas with 99% purity of methane) is stored at 5 °C and 300 bar, before it is sold to the market as car fuel. The CBG is sold at a price of 2.2 USD/L, including 0.4 USD/L tax, resulting in the industry selling CBG at a net price of 1.81 USD/L ( Table 1) .
Based on the aforementioned processes, six scenarios ( Figure 1 ) were compared, as follows:
Scenario 1: Annually, 55,000 m 3 MSW is used with one digester in operation. The upgrading method employed was COOAB only. This scenario was considered as the base case scenario (currently in existence at the plant), which was compared to other scenarios. Figure 2 shows the process flow diagram for the base case. Scenario 2: Similar to scenario 1, but the upgrading method was water scrubbing.
Scenario 3:
In this scenario, the same amount of waste was used; however, the biogas was upgraded by both water scrubbing (30%) and the COOAB process (70%). In addition, 3,500 m 3 /day biogas was added, which was obtained from the wastewater treatment plant nearby.
The biogas from the wastewater treatment plant was considered because using two upgrading methods is capital intensive.
Scenario 4:
Using two anaerobic digesters, 110,000 m 3 MSW/year was used as a capacity.
The produced biogas was upgraded by water scrubbing.
Scenario 5:
The capacity was similar to scenario 4, while the upgrading method was 100% COOAB.
Scenario 6:
Approximately 110,000 m 3 MSW/year was used with two anaerobic digesters, while the biogas was upgraded as in scenario 3 with the addition of 3,500 m 3 biogas from the wastewater treatment plant every day. Figure 3 shows the process flow diagram of scenario 6.
[ Figure 2 and Figure 3] 
Equipment and Economics
The crusher used in this study was a hammer mill made of carbon steel. The pumps, COOAB and scrubbing towers, compressors, buffer tanks, CSTR, separator, and heat exchangers were made of stainless steel (SS 304). The types of equipment used were centrifugal pumps, centrifugal compressors, and shell and tube heat exchangers. All the equipment, except the upgrading towers, pumps, and heat exchangers, have one identical item, while pumps and heat exchangers have two identical equipment for all four pumps and two heat exchangers. The COOAB tower has a lifetime of five years; henceforth, four, identical equipment were used, whereas for the water scrubber, two identical equipment were considered. The final storage tanks were made of carbon steel, as temperature control was not required.
All the aforementioned equipment were simulated using Aspen plus ® . The anaerobic digesters were simulated based on the PSM developed by Rajendran et al. [20] The simulations in each scenario were resolved for mass and energy balances. The economic evaluations were carried out using the Aspen process economic analyzer. Table 1 shows the assumptions considered throughout this study. The economics were considered based on the pricing of the 1 st quarter in 2012. The process economics, including capital costs, operating cost, utility costs, profitability index such as revenue, payback period (PBP), and net present value (NPV) were calculated and analyzed for all scenarios. CBG was sold at a price of 1.81 USD/L, after the fuel tax and utilities were priced in accordance. [21] The minimum compressed biogas price (CBG min ) is a measure, which determines the minimum price of biogas sold in the market to have a zero profit (NPV = 0) and was calculated for all six scenarios. [22] [ Table 1 ]
Sensitivity analyses
Based on the economic and profitability analysis in the different scenarios, three different sensitivity analyses were carried out to check the economical sustainability of the model. In one sensitivity analysis, the cost of the MSW was changed, while in the second one, the effect of having one or two digesters for the same volume of treatment facility was considered.
Finally, the operational loading of the plant was reduced to half to check the dynamic processing effect of the plant and to see how it affects the economical parameters.
MSW was assumed to have zero price in the base scenario, as it can be forecasted in two different ways: (1) the citizens pay a tipping fee to get rid of the waste, resulting in the MSW having a negative price, and (2) the cost of collection and transportation of waste that have an impact on profitability. For this purpose, the price of the MSW in the model varied from -200, Here, the negative price suggests that citizens pay a fee to get rid of the waste, whereas the positive price indicates that the collection and transportation of waste was considered in the profitability analysis.
In the base case, 55,000 m 3 MSW was treated annually with COOAB as the upgrading option.
In scenario 5, however, double the capacity was considered using two digesters. A sensitivity analysis was carried out by decreasing and increasing the plant capacity in scenarios 1 and 5 by 50% and 200%, respectively, (i.e., 27,500-200,000 m 3 MSW/year). In this sensitivity analysis, 200% of scenario 1 will treat the same volume of waste as in 100% of scenario 5, except that it has two digesters. This comparison will reveal the advantages and disadvantages of having two digesters instead of one, in an industry. As most industrial processes are dynamic, and sometimes the availability of the substrate is an issue throughout the year, having only one large digester means that the plant has to reduce its loading (half operation).
On the other hand, if two digesters were in operation, one digester can still run to its full capacity and stopping the other one will not affect the process adversely.
In many biogas industries, the startup of the process takes a longer time, and sometimes due to the instability of the process, the plant has to operate at a reduced capacity than its full potential or what it is designed for. A sensitivity analysis was carried out for the different scenarios to determine how the profitability might be affected if the plant operated on half its capacity. Consequently, the capital investment would be the same; however, the profitability indexes might be affected, revealing the effect of having the plant operations running at half capacity.
Results and discussion
Biogas from the MSW in the base case (Scenario 1) was compared to other scenarios from a techno-economic perspective. The scenarios were simulated using Aspen Plus ® , calculating the mass and energy balances. Figure 4 shows the capital investment, revenue, utility, operational costs, CBG min , and NPV for all scenarios. The process simulations using Aspen Plus could be used as a tool in the debottlenecking of a plant, where new substrates could be tested to evaluate the biogas potential for an industrial outlook.
[ Figure 4 ]
Base case scenario
In the base case, 55,000 m 3 MSW was used as APC with COOAB as the upgrading option to vehicle fuel. Crushing the MSW is an energy intensive process, which accounts for 14% of the total energy consumption ( Figure 5 ). While the energy consumption in the digester, together with the mixer and the heater, is about 3.5 MWh/day. The productivity of raw biogas in the base case is 400 m 3 /h from the digester, while by using COOAB more than 99% methane could be recovered ( Table 2 ). The methane concentration in the raw biogas was 59.9%. Using the COOAB process, MEA was used as amine to purify the biogas with about [ Figure 5 ] Digestate, the leftovers or the waste from the anaerobic digestion process, comes out from the digester and is pumped into a secondary storage tank. Approximately 12.5% of the raw biogas is produced from this secondary storage tank. This storage tank is not temperature controlled, suggesting that it was used only to collect some leftover biogas. From there, the digestate is sent to a bigger storage tank for final disposal (Figure 2 ). About 150 m 3 /day is pumped into the digester, and the TS is reduced to less than 7% after the digestion process. Today, without any further treatment or centrifugation to process it into compost, the digestate is given to farmers free of charge. However, if centrifuged, it could be sold as compost at a cost of 30 USD/ton, which can bring in an additional revenue of 228,000 USD/year. [24] On the other hand, centrifugation is an energy intensive process, which consumes about 1. million USD could be generated as revenue annually. The CBG min, price at which NPV becomes zero was 1.15 USD/L, suggesting that the profitability cost in the base case was 0.66 USD/L (Figure 4 ).
Comparison of different scenarios
The base case (scenario 1) was compared to other five scenarios. Scenarios 2 and 3 have the same APC as in the base case. For scenarios 4-6, the APC was 110,000 m 3 MSW/year. Table   2 shows the biogas production, methane recovery, energy consumption and net energy production of the full plant under different scenarios. Although, the same amount of biogas is produced in the base case and under scenario 2, the methane loss was more in scenario 2 (10%). This is due to the lower efficiency of the water scrubbing process, compared to COOAB, which has less methane losses (<1%). In contrast, the net energy consumption in scenario 2 was 15.5% less compared to the base case, which increased the utility consumption by 56%.
Doubling the plant capacity in scenarios 4-6 did not double the biogas productivity from the base case. The biogas production was increased by 82.7%. The net energy consumption of the plant in scenarios 4-6 was between 7.09-7.74 GWh/year, which is 64.8-80% higher energy consumption compared to the base case. As most energy is utilized in the upgrading section, Scenario 6 showed the most energy consumption. Adding the biogas from the wastewater treatment plant was an energy saving option, as more purified methane could be obtained. The methane slip in Scenario 6, which utilized both the upgrading methods, was 4.4%. The energy consumption for the upgrading of methane in scenarios 4-6 was 0.515, 0.532, and 0.515 KWh/m 3 biogas, respectively. The net energy production for different scenarios is presented in Table 2 . Comparing different scenarios, the Scenario 6 had the highest net energy production of 38. 21 GWh/year. The ratio between, net energy production and net energy consumption was calculated to check the energy efficiency of the plant. The results indicate that in the base case, the plant is not energy efficient as the COOAB process consumes more energy, with an energy efficiency ratio of 4.2. Comparing the different scenarios, the current operation of the plant can be modified toward scenario 6, which is beneficial in terms of energy and economics.
[ and 106 million USD after 20 years of operation. The profits were calculated at a 10% discount rate suggesting that biogas from the MSW or household waste is a profitable venture.
The annual operating costs varied between 1.83-5.38 million USD, while the utility costs varied between 3-4% of the operational costs. Scenario 6 was the most profitable of all scenarios, in terms of energy efficiency, energy consumption and economical parameters.
Minimum compressed biogas price (CBG min ) is an indicator, where the minimum price at which the plant has zero NPV at a discount rate of 10% was calculated for all six scenarios.
The base case had the highest CBG min price of 1.15 USD/L, and the lowest was for scenario 6, which was 0.76 USD/L. This profit margin rose to 1.04 USD/L for scenario 6, revealing a high profit with the increase in the capacity and using both upgrading methods.
Effect of MSW price on different scenarios
The MSW was assumed to have a zero price in the base scenario, while in the sensitivity analysis a different price range from -200 USD/ton to +200 USD/ton was considered. Figure 6 shows the NPV and PBP for different prices of MSW for the six scenarios. Negative price of the raw material had a significant positive impact on the economics of the process. For scenario 6, when the citizens pay 200 USD/ton to get rid of the waste, the NPV increased to 180 million USD, which is 69% higher compared to the NPV at 0 USD/kg MSW. However, the collection and transportation cost of the MSW affected the final profits adversely. When the cost of the MSW was +200 USD/ton, scenarios 1, 2, and 4 had a negative NPV, suggesting that the collection and transportation costs is a crucial factor in the profitability of the plant.
On the different prices of the MSW, the landfill tipping fee for the MSW was not considered.
The tipping fee is around 100 USD/ton for organic wastes, which can save 2.2 million USD annually for the MSW produced in Borås, Sweden. [26, 27] When the price of the MSW was increased from 0 USD/kg to +100 USD/ton in the base case (scenario 1), the PBP increased to 13.8 years from 10.04 years suggesting that the plant would only yield profit during the last six years of operation ( Figure 6 ).
The citizens in Sweden pay a tipping fee (to get rid of the waste) that varies between 165-305 USD/year/family, depending on their living area and type of house. It is estimated that the annual collection and transportation fee for the municipalities is between 150-400 USD/ton. [27] Considering the net waste generated in Borås, the fee collected from the families should be sufficient for the municipality. Abu Qdais [28] reported that only 40-53% of the costs to process the wastes could be recovered in Jordan. Nevertheless, according to our calculations, it showed to be a positive investment to convert biogas into vehicle fuel from the MSW. However, when the waste has to be transported further distances, for example, from Gothenburg (70 km) or Oslo in Norway (350 km), the transportation costs would be a crucial factor. The cost of transportation for one ton of waste from Norway to Borås is approximately 75 USD, excluding the driver's fee. The driver's fee is the salary for the labor in transporting the waste and it costs between 15-20 USD/h. [29] If we assume 100 USD/ton as the net cost for the transportation of the waste, then for scenario 6 in this study, the NPV would be 69.8 million USD.
[ Figure 6 ]
Comparison of base case and scenario 5 on different APC
In the base case, 55,000 m 3 MSW was considered as the APC; however, in scenario 5, a double capacity of 110,000 m 3 MSW was considered. The base case has one digester of 3,000 m 3 , while two digesters were in operation in scenario 5. If the base case is doubled in its operating capacity, i.e., 200%, then the APC of the base case is the same as in scenario 5, which is 110,000 m 3 MSW/year. Although the process capacity of both of these comparative scenarios is the same, the doubled APC in the base case has less capital costs. This is obvious since it only has one digester with a larger volume, compared to scenario 5, which has two digesters with a volume of 3,000 m 3 . Figure 7 shows the effect of having one and two digesters in the plant. The capital cost for the base case, which has a single digester, with double the capacity was 39.6 million USD. On the other hand, Scenario 5, which has two digesters in operation, will have a high capital investment of 40.7 million USD. The NPV also follows the same trend, as the base case with double the capacity will have a higher NPV (21%), compared to scenario 5 with two digesters.
[ Figure 7 ]
In industrial processes, the continuous input of waste sometimes get affected due to seasonal variations of waste quantity, transportation, competition in the market, etc. Under these circumstances, if the plant has to reduce its capacity of operation, then the microorganisms inside the digester will get affected due to the imbalance of the loading. Accordingly, if two digesters were in operation, it would be easy to stop one digester and still continue with the other digester at full capacity, without affecting the stability inside at least one of the digester.
Although having two digesters is capital intensive and less profitable, the stability of the process and the industrial operation will not be affected.
Effects of reduced operations in the plant
Scenarios 1-3 were designed for 55,000 m 3 MSW/year; however, in many industrial situations, due to the long startup process or unavailability of the raw material or due to instability of the process, the industry has to reduce its loading than its designed capacity. A plant running under these situations will affect its profitability. In this sensitivity analysis, half-operational loading was considered for scenarios 1-3, that is, 75 m 3 /day was used as the input for a plant designed for 150 m 3 /day, while the size of the process vessels and other equipment remained the same. Figure 8 shows the effect of the NPV and product sales in the reduced operation capacity of the plant.
For a plant operating at half its designed capacity, it is much more difficult to recover the capital costs. The reason is that its operational and utility expenses remain almost the same, while the product sales have decreased adversely. If a plant operates at half its capacity for its complete lifetime, then it would result in a negative NPV. The base case (scenario 1) would result in -67 million USD, while that of scenarios 2 and 3 would be -66 and -27 million USD, respectively. Comparing the product sales of a plant operating at full capacity to a plant operating at half capacity, the product sales was reduced by 56% in the base case, followed by 53% and 33% for scenarios 2 and 3, respectively (Figures 4 and 8 ). This shows that loading the plant to its fullest capacity plays a vital role in recovering the economics of the plant.
[ Figure 8 ]
Paradigms of Uncertainty
Biogas from the OMSW gives the impression that it is economically feasible in the different analyses carried out above. However, there are some paradigms of uncertainty revolving around it. It could be due to the collection and transportation costs, sorting of the waste fraction, citizens tipping fee for waste processing, gate fee for landfilling, etc. The citizens pay a fee to get rid of the waste, for its collection and processing, which is on average about 235 USD/family. Since 2006, landfilling of organic wastes is banned in Sweden; thus, if organic wastes are landfilled, a gate fee to get rid of waste has to be paid, which is about 100 USD/ton. [26, 27] The sensitivity analysis revealed that the cost for the collection and transportation is a crucial factor in the profitability of the plant. Furthermore, increasing the plant capacity resulted in a higher NPV. The interesting paradigm here is that increasing the volume of the waste, i.e., the capacity of the plant means a higher collection and transportation cost of the plant, which can affect the profitability. For instance, large cities such as Hong Kong or Bangkok generate a large volume of waste every day;[30] however, the availability of the land inside the city is negligible, so the waste needs to be transported long distances outside of the cities. On the other hand, if smaller cities were considered, the waste generation will be less, while the capital costs are high for a small plant, affecting the profitability factor. However, some examples of ways to make biogas processes economically sustainable are to increase the gate fee for landfilling and/or the fee for waste collection from the citizens.
Conclusion
Biological treatment of the MSW to produce biogas for vehicle fuel is a positive investment under most of the scenarios, ranging in a wide variety of scales from 27,500-220,000 m 3 /year. High annual processing capacities of the MSW resulted in high NPV, suggesting that it is a positive investment for countries that produce large amounts of waste. The main uncertainties over the techno-economic feasibility of biogas from OMSW are due to the transportation and collection of waste, and reduced operations of the plant. In addition, integrating biogas from a wastewater treatment plant with simultaneous upgrading by using the water scrubbing and/or the COOAB process was reported to be the most economical and profitable venture. Biogas is attractive both economically and environmentally, as it can yield in high profits and utilizes the waste generated as value added products. Tables   Table 1. List of assumptions considered for the techno-economic evaluation of the biogas plant from the MSW. 
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